ABSTRACT
I. INTRODUCTION
The long term durability of WAXFIX, a paraffin based grout, was evaluated for in situ grouting of activated Beryllium wastes in the Subsurface Disposal Area (SDA), a radioactive landfill at the Radioactive Waste Management Complex (RWMC), part of the Idaho National Laboratory (INL). The evaluation considered radiological and biological mechanisms that could degrade the grout based on data from an extensive literature search and tests of in situ grouting at the INL. 1 Between 1970 and 1993, beryllium components were buried as low-level radioactive waste after being irradiated during testing in the Advanced Test Reactor (ATR), the Materials Test Reactor, or the Engineering Test Reactor. Stabilization of the beryllium waste in the SDA is desired to reduce the release of activation products from the large chunks of beryllium metal. The primary mechanism for release of activation products is corrosion of the beryllium forms. The corrosion of beryllium is accelerated by high pH and moisture. WAXFIX was selected for evaluation as a grout (to be injected in situ to surround the beryllium components) due to its neutral pH and its ability to permeate and coat materials and prevent moisture intrusion.
WAXFIX is composed primarily of paraffins in the C 18 -C 25 range with a small amount of proprietary additives, designed to enhance its handling properties as a grout.
2 WAXFIX grout has a solid density between 0.8 and 0.9 g/cm 3 . 3, 4 Thermal testing on WAXFIX indicates that the melting point is about 58 C (136 F). 3 The long-term performance of WAXFIX depends on its ability to withstand the radiological, chemical, and biological conditions at the SDA.
II. RESISTANCE TO RADIATION
Determining the WAXFIX radiation dose is key in evaluating the potential for significant radiation damage to its crystalline structure. A worst-case estimate of the radiation dose that can be used to provide a rough order of magnitude estimate of radiation damage is presented here.
To provide a worst-case estimate of the radiation dose to the grout, an ATR beryllium block that was buried in the SDA in 1993 was selected as the radiation source; this block was the most highly irradiated of the blocks buried at that time. Estimating the current radioactive isotope inventory for this block required extending calculations made previously 5 with the Oak Ridge Isotope GENeration and Depletion Code Version 2 (ORIGEN2) model. 6 Calculations were extended to provide radioisotope inventories for July 1, 2004 and July 1, 2014. Results from the ORIGEN2 calculations were used as the radiation source term for calculations to estimate how much radiation enters and is absorbed by the grout.
Calculations to estimate the surface fluence rate and exposure rate for the ATR beryllium block were made using the MicroShield computer code. 7 Simplifications in the modeling of the block were necessary because the ATR beryllium block has a very complicated surface and cross-sectional shape, and it has multiple holes within its geometry (Fig. 1) . The block has a height of 129.54 cm (51 in. cross-sectional dimensions. The density of the material for the model comprising the solid rectangle was adjusted to provide a total mass that was identical to the actual mass of the block. A rectangular beryllium block with 61 cm (2 ft) of paraffin wax on its outer surface was also modeled by simulating a layer of pure paraffin adjacent to the beryllium surface of the initial beryllium block model. Two feet was chosen as a likely thickness for the WAXFIX as it is jet grouted adjacent to the block. Soil and waste were not included in the model because of a lack of information on the radiation absorption characteristics of the dirt/paraffin mixture. The intent of this model was to calculate radiation fluxes near the surface of the wax that could be subtracted from the bare block fluxes to estimate how much radiation was absorbed in the wax. Co is the primary contributor to the beryllium block fluence rate over the next 10 years.
In many materials, radiation will change the crystal lattice and deteriorate the lattice order. These changes to the crystal structure can lead to a decrease in the structural performance of the material. [8] [9] [10] A limiting dose that would have a negligible effect on plastics is reported as about 10 5 Gy (10 7 Rad), and a dose that generally results in major damage is about 10 7 Gy (10 9 Rad). 11 These results would include both damage to the crystal structure and the effect of gas phase (e.g., hydrogen and methane) in the hydrocarbon material.
A conservative estimate of the dose to WAXFIX surrounding an ATR beryllium block can be made using the highest exposure rate in Table I . Using the 60 Co half life, it is estimated that over the 10-year period between 2004 and 2014, the WAXFIX would get a dose of 1.95 X 10 5 Gy (1.95 10 7 Rad). This is just beginning to approach material damage for a plastic. The limiting dose for paraffin would be expected to be higher than the values quoted for plastic, based on differences in the effect of radiation on plastic crystalline structure versus paraffin structure. If all of the fluence was assumed to be from 60 Co, the total dose possible for an infinite time would be about 2.67 X 105 Gy (2.67 10 7 Rad). Longer lived radionuclides would continue to provide low levels of radiation for long periods of time, but the WAXFIX would not reach levels of radiation that would cause substantial damage (i.e., 10 7 Gy or more)
for a very long time, likely many hundreds of years or longer.
III. RESISTANCE TO BIODEGRADATION
Biodegradability is important to the potential grout applications of immobilization and structural support. No data were found specifically for the biodegradability of WAXFIX, so data for paraffin, the principle ingredient of WAXFIX were used. Most microorganisms that metabolize paraffin are aerobic (some are anaerobic). [12] [13] [14] Biodegradation has been demonstrated in a variety of environments including soil, aquatic systems, leaf litter, and well bores. [12] [13] [14] [15] [16] [17] [18] Microorganisms that degrade hydrocarbons have been shown to account for 6 to 82% of all soil fungi and 13 to 50% of soil bacteria. 13 The solid nature of wax and its low solubility in water should make it difficult for microorganisms to attack. However, the microorganisms have developed a variety of adaptations that allow them to use hydrocarbons in gas, liquid, and solid substrates. Generally, the shorter chain compounds (i.e., less than C 10 ) are microbially degraded first; then the longer chain (i.e., greater than C 10 ) compounds are attacked. 19 Oxidizers of lower molecular weight (i.e., C 10 to C 12 ) paraffins generally grow more rapidly than those for higher molecular weight paraffins. 20 Most of the bacteria and fungi that degrade hydrocarbons prefer a near neutral pH 13 ; however, biodegradation has been observed in well bores with a pH of 4 to 9. 21 The optimum temperature is 20 to 40 C, although degradation has been observed in temperatures ranging from -2 to 132 C. 13, 21, 22 Soil water contents of 30 to 90% saturation support degradation of oil sludge. 13 Many microorganisms can use hydrocarbons as a sole source of carbon. 12 To degrade, sufficient quantities of hydrocarbons, oxygen, nitrogen, phosphorous, sulfur, metals, and trace compounds must also be available. 13, 20, 22 About 150 mg of nitrogen and 30 mg of phosphorous are required for the conversion of 1 g of hydrocarbon into cell material. 20 Oxygen has been identified as the rate-limiting step for biological degradation of hydrocarbons in soil. 13 Surface area for cell attachment or emulsification of hydrocarbon is also an important determiner of the rate of hydrocarbon degradation. 13 Microbial degradation is facilitated by high surface-to-volume ratios. 12, 13, 22 For longer alkanes (greater than or equal to C 12 ) with low solubilities (less than 0.01 mg/liter), the rate of degradation is faster than the rate of dissolution. 13 Generally, hydrocarbon biodegradation occurs very slowly under anaerobic conditions. 13, 16 It is clear that paraffin can be biodegraded by several organisms under the proper conditions.
Moisture, neutral pH, relatively warm temperatures (i.e., 20 to 40 C), the presence of oxygen, nitrogen, and phosphorous, and high surface to volume ratios favor the biodegradation of paraffin. At the SDA, some of these conditions could be met in the waste seam where the paraffin would be placed. The waste is located about 1 m below the surface and forms a layer 1 to 5 m thick. The temperature in the soil at 2 meters below the surface ranges from approximately 4 -15 °C over a year; at 6 meters below the surface, the temperature range from approximately 8 -10 °C over a year. 23 The water in the soil near the surface generally varies with the season, but remains within a narrower range from about 2.5 to 6 m, where it varies from about 18 to 24 vol%. This level of moisture at all elevations is sufficient to support growth of paraffin degrading microorganisms.
The rate of biodegradation of a paraffin monolith was calculated using rates of 8.18 E-02 kg/m 2 /yr and 2.85 E-01 kg/m 2 /yr from data presented in the America Petroleum Institute's Robust Summary. 17 This calculation, provides an order of magnitude bounding estimate on the rate of biodegradation of paraffin. The biodegradation rates used come from well mixed, aqueous, shake flask experiments using mineral media at 20°C and a microbial inoculum from a land farming facility for oil contaminated soil.
The size of the monoliths used in the estimate are based on the projected minimum monolith size for grouting the beryllium blocks in the SDA. 24 The following assumptions were used in the estimation of the rate of paraffin biodegradation in the SDA: 1. surface area of the monolith remains constant with time, 2. monolith is 100% paraffin, 3. biodegradation rate of paraffin is not limited by the availability of oxygen or other nutrients, 4. other compounds present in WAXFIX do not affect the rate of biodegradation of paraffin, 5. metabolism products from biodegradation do not affect the rate of biodegradation, 6. no other conditions or process in the subsurface affect the rate of biodegradation.
Calculated results using the data from the land farming facility were chosen because they were believed to be more representative of the conditions at the SDA. These results estimate an area based biodegradation rate that ranges from 0. For the cylindrical monolith, the calculated rate of mass loss is 4 to 14 kg per year. At this rate it will take 1500 to 5400 years for microorganisms to consume the monolith. For the block monolith, the calculated rate of mass loss is 5 to 18 kg per year; microorganisms will take 1500 to 5200 years to consume the monolith. The outer 0.46 m (18 inches) layer of each monolith, which represents the minimum expected distance to the beryllium block, was calculated to require 1000 to 3600 years to be consumed.
The pH of the soils at the SDA is slightly alkaline, generally a pH of about 8, 25 and is within the range of conditions for growth of paraffin-degrading microorganisms. The temperature of the soil varies with the season and with depth. The temperature of the soil surrounding the waste will generally range from 7 to 15 C, which is below the optimum temperature for paraffin degradation, but within the range of viability for use of paraffin by the microorganisms. This suggests the degradation rate of paraffin in the SDA would be slower than that observed in the calculations and articles referenced above. The soil gases measured at the SDA generally indicate aerobic conditions 26 and would support paraffin degradation; however, the rate of degradation might be limited by the rate of oxygen diffusion to the surface of the paraffin. The soils at the SDA are generally low in nitrogen (0.01 wt% ) and phosphate (0.01 to 0.16 wt%), 25, 27 two elements required for growth of paraffin degrading microorganisms. In the waste, the paraffin would form a monolith and would have a low surface to volume ratio. During the grouting process, some soil would be intimately mixed with the paraffin, but this would effectively isolate the soil from other compounds required for degradation. Overall, degradation of paraffin by microorganisms in the SDA is possible and even likely, but the rate of degradation will be slower than the referenced studies, which were under well-mixed, high surface area-to-volume ratio, and welloxygenated conditions. [15] [16] [17] [18] [19] 21, 22, 28 
IV. CONCLUSION
Radiation damage to the crystalline structure of paraffin is not as substantial as damage to other hydrocarbon-based materials, such as plastics. Although a dose level for damage to paraffin was not found in the literature, damaging doses in plastics can be initiated but are minor at 10 5 Gy and become more severe at 10 7 Gy. Conservative doses in the SDA were calculated for the highest activity ATR beryllium block that may be grouted. The calculations indicate that Co-60 dominates the source term in the next decade and its domination is probable for decades into the future. Based on these calculations, WAXFIX probably would not reach a level of radiation damage for many hundreds of years.
There are a broad range of microorganisms that can metabolize paraffin. Conditions for metabolization cover a wide range of temperatures, chemical conditions, and moisture levels; these conditions overlap SDA conditions, indicating degradation of a paraffin-based grout by microorganisms in the SDA is possible and even likely. The rate of biodegradation for two paraffin monoliths, sized for application to beryllium blocks, was estimated using literature data for conditions much more favorable to biodegradation than those present at the SDA. The calculations showed that 1000 to 3600 years would be required to biodegrade the outer 0.46 m (18 inches) layer of each monolith, which represents the minimum expected distance to the beryllium block. 
